Abstract: Fault-segment boundaries initiate, evolve and die as a result of the propagation, interaction and linkage of normal faults during crustal extension. However, little is known about the distribution, evolution and controls on the development of relay ramps, which are the key structures developed at synthetic segment boundaries. In this study, we use a series of scaled physical models (wet clay) to investigate the distribution and evolution of fault-segment boundaries within an evolving normal-fault population during orthogonal extension. From the models, we can establish a simple geometrical classification for segment boundaries, analyse their spatial and temporal evolution, and identify key factors that influence their variability.
Normal faulting accommodates the majority of upper-crustal deformation in many extensional settings. The normal fault arrays accommodating this deformation typically consist of multiple segments that may be geometrically linked or unlinked, and show varying degrees of kinematic and mechanical interaction (e.g. Morley et al. 1990; Peacock & Sanderson 1991 Gawthorpe & Hurst 1993; Peacock & Zhang 1994; Childs et al. 1995; Huggins et al. 1995; Willemse 1997; Walsh et al. 1999 Walsh et al. , 2001 Walsh et al. , 2003a Peacock 2002; Marchal et al. 2003; Soliva & Benedicto 2004) .
Relay ramps are a type of synthetic segment boundary. They are classified as regions of both brittle and ductile deformation that serve to distribute extensional strain between two relatively closely spaced fault segments that have the same dip. During the initial stages of extension, relay ramps are typically characterized by zones of tilted bedding located between the two unlinked, overlapping segments: steep lateral displacement gradients developed on the faults at this time is thought to represent the expression of kinematic interaction between the segments (e.g. Peacock & Sanderson 1991 Trudgill & Cartwright 1994; Huggins 1995; Peacock 2002; Mansfield & Cartwright 2001) . With continued extension and fault growth, physical linkage of the segments results in the development of a single, through-going fault array and a breached relay ramp (e.g. Peacock & Sanderson 1991 Childs et al. 1995; Willemse 1997; Crider & Pollard 1998; Marchal et al. 1998; Mansfield & Cartwright 2001; Peacock 2002; Imber et al. 2004; Soliva & Benedicto 2004) . Relict segment boundaries along a through-going fault array are identified by an irregular map-view fault geometry (e.g. zigzag, corrugated, anastomosing) (e.g. Morley et al. 1990; Gawthorpe & Hurst 1993; Gawthorpe & Leeder 2000; McLeod et al. 2000 McLeod et al. , 2002 Young et al. 2001; Moustafa 2002; Gawthorpe et al. 2003) , local displacement minima and hanging-wall fault-perpendicular folds (e.g. Schlische 1995) .
Determining the temporal and spatial distribution and evolution of segment boundaries has implications for understanding the distribution of extensional strain (e.g. Gupta et al. 1998; Cowie et al. 2000 Cowie et al. , 2007 Meyer et al. 2002; Walsh et al. 2003a, b) and seismic activity (e.g. Manignetti et al. 2007; Soliva et al. 2008 ) during upper-crustal extension. Furthermore, the types of segment boundaries that develop during extension, control rift-basin physiography and, therefore, drainage patterns and the resultant facies distributions in coeval synrift sedimentary systems (e.g. Leeder & Gawthorpe 1987; Gupta et al. 1999; Gawthorpe & Leeder 2000; McLeod et al. 2002; Jackson et al. 2005) . Segment-boundary breaching style also has a direct impact on the development and structural style of hydrocarbon traps located along the margins of rift basins, and the migration of hydrocarbon fluids into these traps (e.g. Morley et al. 1990) . Understanding the evolution of fault-segment boundaries and style of fault linkage is, however, challenging both in outcrop and the subsurface because the expression of segment boundaries can vary according to the level of structural observation: this reflects the complex three-dimensional (3D) geometry of the bounding normal faults (e.g. Childs et al. 1995; Willemse et al. 1996; Crider 2001; Peacock 2002; Peacock & Parfitt 2002; Marchal et al. 2003) .
Outcrop-based studies are commonly limited by the level of exposure and the degree of preservation (i.e. burial and erosion) (e.g. Crider 2001; Peacock & Parfitt 2002; Jackson et al. 2005) , whereas subsurface studies are limited by the spatial resolution of the seismic data (e.g. McLeod et al. 2000; Young et al. 2001) .
Experimental (analogue) models have furthered our understanding of rift systems because of their ability to simulate the development of faults and folds associated with extensional tectonics (e.g. Withjack & Jamison 1986; Withjack et al. 1990; McClay & White 1995; Acocella et al. 1999 Acocella et al. , 2005 Clifton et al. 2000; Withjack & Callaway 2000; Ackermann et al. 2001; Clifton & Schlische 2001; Mansfield & Cartwright 2001; McClay et al. 2002; Schlische et al. 2002; Bellahsen et al. 2003; Marchal et al. 2003 , Hus et al. 2005 Schlagenhauf et al. 2008; Schlische & Withjack 2009; Henza et al. 2010) . In particular, these models allow us to examine how faults and related structures evolve with increasing strain, although none of the studies listed above have specifically considered and quantified the spatial distribution and evolution of synthetic segment-boundary types within an evolving rift system.
In this study, we use a series of analogue models with wet clay to specifically investigate the distribution of synthetic fault-segment boundaries (active and relict) within an evolving fault population during orthogonal extension. These models allow us to (i) establish a simple geometrical classification for fault-segment boundaries in rift systems; (ii) analyse the spatial and temporal evolution of faultsegment boundaries; and (iii) identify factors that may influence the types of segment boundaries. We can compare the geometry and distribution of the types of segment boundary formed in these experimental models with those observed in nature and those produced in other analogue, geometric and mechanical modelling studies. Figure 1 illustrates a simple geometrical classification of end-member, synthetic, segment-boundary types: this is based on observations from this study Fig. 1 . Classification scheme for types of normal-fault segment boundaries in rift systems applied in this study. (a) Two segment-boundary types are defined: (i) synthetic, comprising two overlapping fault with the same dip-direction; and (ii) conjugate, comprising two overlapping faults with opposing dip directions. Free tips are associated with an isolated (non-interacting) fault. Synthetic segment boundaries are the focus of this study. (b) The synthetic segment-boundary geometries are defined according to the map-view location of adjacent fault tips: (i) underlapping, where adjacent fault tips understep; (ii) non-overlapping, where adjacent fault tips are perpendicular; and (iii) overlapping, where adjacent fault tips overstep. Five overlapping synthetic segment-boundary types are defined: (c) intact (unbreached) relay ramp; (d) hanging-wall-breached relay; (e) footwall-breached relay; (f ) transfer-fault-breached relay; and (g) double-breached relay. See the text for the description. and previous studies, and highlights the nomenclature used herein (e.g. Morley et al. 1990; Gawthorpe & Hurst 1993; Trudgill & Cartwright 1994; Childs et al. 1995) . The classification utilizes: (i) the dip direction of adjacent fault segments; (ii) the proximity of adjacent segments; (iii) fault-tip location with respect to adjacent synthetic fault segments; and (iv) the style of synthetic segment linkage. The segment boundaries that are classified on the basis of dip direction are either (Fig. 1a) : (a) synthetic, where stepping fault segments have the same dip direction (e.g. Morley et al. 1990; Gawthorpe & Hurst 1993); or (b) conjugate, where the stepping fault segments have opposing dip directions (e.g. Morley et al. 1990 ) (cf. antithetic transfer: Gawthorpe & Hurst 1993) . Our study focuses only on synthetic segment-boundary types.
Classification of normal fault-segment boundaries
A 'free-tip' does not obviously kinematically or mechanically interact with neighbouring fault tips and is thus free to propagate laterally (Fig. 1a) . By definition, a free-tip is not part of a segment boundary between two interacting fault segments, although it can evolve into a segment boundary with further lateral propagation of the fault segment. In plan view, co-linear or en echelon synthetic fault segments fall into three classes (Fig. 1b) : (i) underlapping (i.e. the two approaching fault tips do not overlap); (ii) non-overlapping (i.e. the lateral tips of two adjacent fault segments are aligned perpendicular to the strike of the faults); and (iii) overlapping (i.e. the lateral tips of two adjacent fault segments overlap in the strike direction). The geometrical organization of overlapping synthetic segment boundaries can be quantified in map view by the amount of overlap (i.e. the strike-parallel distance between overlapping fault segments) and spacing (i.e. the strike-normal distance between overlapping fault segments) (Fig. 1b) .
'Soft linkage' describes two overlapping synthetic fault segments that are kinematically linked but are not geometrically connected by faults at the scale and level of observation (Fig. 1c) . In these situations, ductile deformation, bed rotation and relay-ramp formation occur in the region of fault overlap (e.g. Trudgill & Cartwright 1994; Childs et al. 1995; Huggins et al. 1995) . 'Hard linkage' describes two synthetic fault segments that become linked by a fault, or faults, that crosses the relay ramp (e.g. Trudgill & Cartwright 1994; Childs et al. 1995; Huggins et al. 1995) . Hard-linked synthetic segment boundaries are classified as (Fig. 1c-g ): (a) 'hanging-wall breached', where the inboard fault becomes hard-linked to the hanging wall of the outboard fault via breaching of the lower part of the relay ramp (e.g. Trudgill & Cartwright 1994; Ferrill et al. 1999; Crider 2001) ; (b) 'footwall breached', where the outboard fault becomes hard-linked to the footwall of the inboard fault via breaching of the upper part of the relay ramp (e.g. Trudgill & Cartwright 1994; Ferrill et al. 1999; Crider 2001) ; (c) 'transfer-fault breached', where the relay ramp is breached in its central portion by a fault that strikes at a high angle to the two overlapping fault segments (e.g. Gibbs 1984; Gawthorpe & Hurst 1993; Ferrill et al. 1999; Peacock et al. 2000) ; and (d) 'double breached', where two types of segment linkage occur within an individual segment boundary (e.g. hanging wall, footwall, transfer-fault breached). Following linkage and with continued extension, the disconnected fault tip(s) may remain active (e.g. Hus et al. 2005) or become abandoned (e.g. Crider 2001 ).
Methods

Scaling and materials
To ensure similarity between the analogue models and nature, the rheological properties of the modelling material must fulfil two requirements (e.g. Hubbert 1937; Weijermars et al. 1993; Withjack & Callaway 2000) : (a) the coefficient of internal friction of the modelling material should be similar to that of rocks -sedimentary rocks have a coefficient of internal friction of 0. 55 -0.85 (e.g. Handin 1966; Byerlee 1978) ; both wet clay and dry sand are thus considered suitable modelling materials because they have a coefficient of internal friction of approximately 0.6 (e.g. Sims 1993; Eisenstadt & Sims 2005; Withjack et al. 2008) ; and (b) the model-to-nature ratios for cohesive strength (C * 0 ), density (r * ), gravity (g * ) and length (L * ) must follow the scaling equation:
In our models, the values of r * and g * are 0.7 and 1, respectively: therefore, C * 0 and L * must have similar values. Inherent structural and lithological heterogeneity means that the cohesive strength of the upper-crustal rocks is highly variable, and may range from ,1 MPa in highly fractured rocks (e.g. Byerlee 1978 ) to 10 -20 MPa for intact sedimentary rocks (e.g. Handin 1966) , and up to 100 MPa for intact crystalline and metamorphic rocks (Handin 1966; Schellart 2000 
Model design
The modelling apparatus consists of two rigid sheets (a fixed sheet and a mobile sheet) separated by an 8 cm-wide rubber sheet (Fig. 2) . The mobile sheet moves away from the fixed sheet at a 908 angle to the long axis of the rubber sheet, producing orthogonal extension and distributed deformation above the basal rubber sheet. A 0.3 cm-thick silicone polymer layer (with a viscosity of c. 10 4 Pa s: e.g. Weijermars 1986; Withjack & Callaway 2000) above the rubber sheet allows developing faults in the clay to have finite displacement at the base of the brittle (clay) layer (e.g. Henza et al. 2010) , producing lateral and vertical displacement gradients similar to those observed in natural fault arrays (e.g. Walsh et al. 2001) . A layer of homogeneous wet clay (60 × 68 cm) covers the putty and both the fixed and moving sheets; the thickness of the clay layer is 2.7 cm above the putty layer and 3 cm elsewhere. Models were extended at a constant rate of 4 cm h 21 for a total displacement of 4 cm. Time is not scaled in these models, as deformation of wet clay is mostly strain-rate independent (e.g. Oertel 1965 ).
Model analysis
We photographed the top surface of each of the 24 models at every 0.1 cm of displacement of the mobile sheet, utilizing two opposing lighting directions orientated normal to the rift axis. Illumination of the model surface from opposing directions allows determination of the fault-dip direction: faults that FAULT-SEGMENT BOUNDARY TYPES IN RIFTS dip towards the light source are illuminated (bright) and faults that dip away from the light source are in shadow (dark). Ambient light levels make recognition of very-small-displacement faults difficult in the initial stages of the models. For 10 representative models, we analysed the central parts to avoid edge effects associated with the sides of the apparatus and the edge of the rubber sheet and putty layer (Fig. 3) . Line drawings of the illuminated model surface allowed us to trace the footwall and hangingwall cut-offs. Low-relief undulations or corrugations on the fault surfaces indicate predominantly dip-slip movement (e.g. Granger 2006; Granger et al. 2006; Henza et al. 2010) . offset of subtle surface markings, gives heave, which is used as a proxy for displacement. Additional close-up, oblique-view photographs captured details of fault interactions and secondary deformation.
Following the approach of Ackermann et al. (2001), we measured fault spacing along a series of 1D scanlines orientated parallel to the extension (and displacement) direction (Fig. 4a) . Furthermore, for each model increment, we also measured fault length and displacement, and constructed displacement profiles for selected faults and fault arrays at various stages in their evolution. Finally, box-counting yielded the frequency of segmentboundary types using a regular grid consisting of 2 × 2 cm sample cells (4 cm 2 ) (Fig. 4b) . The raw count data divided by 4 cm 2 yielded the density per cm 2 .
Model results
Structure and scaling of normal-fault populations
Before we analysed the temporal and spatial distribution of fault-segment boundary types, we established that the scaling and design of the model resulted in the formation of a normal-fault population that is comparable in terms of fault geometry and statistical parameters to those observed in nature.
The upper surface of all 24 models at 4 cm extension exhibited numerous parallel to subparallel, linear to curvilinear normal faults. Individual fault arrays were comprised of several linked and unlinked fault segments, the majority of which had a strike perpendicular to the extension direction (Figs 3 & 5) . Individual faults were predominantly planar in cross-section and had near-surface dips of approximately 608. In some instances, a monoclinal flexure of the model surface formed prior to the development of a surfacebreaking fault: these structures are interpreted to be fault-propagation folds ( Fig. 6a ) (e.g. Withjack et al. 1990 ). Based on sectioned models of distributed orthogonal extension (e.g. Withjack et al. 2008; Schlische & Withjack 2009 ), the largest faults dissected the entire thickness of the clay (2.7 cm), whereas smaller faults were fully or partially contained within the clay. Faults dipped either towards the moving wall or the fixed wall of the model (Fig. 3a) . Changes in the mean fault polarity along the axis of the extension defined discrete faultdip domains (i.e. populations with the same dip direction), the boundaries of which were either extension-parallel or extension-oblique accommodation zones ( Fig. 3b ) (e.g. Schlische & Withjack 2009 ).
The overall development of a typical fault array in the models is illustrated in Figure 7 and is as follows: (a) isolated, short (,2 cm), linear, extension fractures and low-displacement normal faults with free tips develop on the model surface during the initial stages of extension ( Fig. 7b : ,2.0 cm of extension); (b) new fault segments continue to breach the model surface with continued extension; existing faults lengthen by lateral tip propagation ( Fig. 7b : 2.0-2.25 cm of extension); (c) fault segments begin to overlap and interact, and segment boundaries start to form, leading to the creation of discrete fault arrays defined by arrangements of sub-parallel fault segments ( Localization of strain onto a few long, throughgoing fault arrays occurs at 3-4 cm of extension and results in the accumulation of displacement without a further concomitant increase in fault length (Fig. 7) . In plan view, the final geometry of these major fault arrays is highly irregular. Maximum displacement on the through-going fault arrays typically occurs near its centre and decreases towards both lateral tips (Figs 5 & 7) . The irregular surface geometries and systematic variations in displacement that occur along the length of each fault array are attributed to the processes of fault interaction and linkage. Fault-perpendicular hangingwall anticlines occur at local displacement minima and define the position of palaeo-segment boundaries, and fault-perpendicular hanging-wall synclines occur at local displacement maxima and define the position of palaeo-segment centres (Fig. 6b) (see Schlische 1995) . Shadow zones (e.g. Schlische et al. 1996; Ackermann & Schlische 1997) , elliptical regions in the footwall and/or hanging wall of large faults with limited brittle deformation, are observed in the models (Figs 3, 5 & 6) . The observed styles of fault linkage in each model are consistent with the classification in Figure 1 (Fig. 8a-e) , with the style of linkage commonly being highly variable along the length of individual fault arrays (Figs 5, 7 & 8f ) .
Numerous studies have shown that fault populations display fractal (power-law) or exponential distributions of length and displacement (e.g. Childs et al. 1990; Cowie & Scholz 1992a, b; Yielding et al. 1992; Peacock & Sanderson 1994; Huggins et al. 1995; Schlische et al. 1996; Wojtal 1996; Ackermann & Schlische 1997 ). In addition, faults display a power-law relationship between maximum displacement (D) and fault length (L). Given that samples of fault populations rarely exceed two orders of magnitude in size and given the inherent variability in natural fault populations, the value of n is contentious, ranging from 0.5 to 2. Nonetheless, many datasets indicate that n is approximately 1 (e.g. Kim & Sanderson 2005; Torabi & Berg 2011 Schlische 1995) . In contrast, the footwall to these faults is relatively undeformed. Fault corrugations indicate dip-slip displacement on the majority of faults in the models (e.g. Granger et al. 2006; Henza et al. 2010) . Both photographs are taken after 4 cm extension (50% strain). Because the photographs are oblique views of the model surface, the scales are approximate.
model (Model 34), the cumulative frequency of fault lengths has a power-law distribution with a fractal dimension of -1.12 over one order of magnitude (Fig. 9a) . Furthermore, the fault population at the end of the model run exhibits a broadly linear relationship between fault length and maximum heave, with a change in scaling occurring at approximately 5 cm, with faults (.5 cm long) appearing to be relatively over-displaced compare to the shorter faults (,5 cm length) (Fig. 9b) . Scatter observed within the displacementlength dataset is attributed to one or a combination of the following factors: (a) censoring of the fault length and/or maximum displacement related to faults truncated at the edge of the analysed area; (b) linkage of initially isolated segments (Cartwright et al. 1995) ; (c) analysis of faults whose maximum displacement and length do not coincide with the model surface (Walsh et al. 2003a, b; Kim & Sanderson 2005) ; (d) mechanical interaction and 'pinning' of fault tips at the boundaries of dip domains (Schlische & Withjack 2009 ); and (e) the low-displacement, near-tip regions of faults falling below the resolution of the camera.
Fault heights in the models were limited by the thickness of the clay layer (2.7 cm) (Fig. 2) .
Assuming a fault dip of 608, the maximum dip-corrected height of the faults in the clay layer is 3.12 cm (H ¼ 2708/sin 608). In Model 34, the mean tip-to-tip fault length of the measured surfacebreaking faults is 2.7 cm (n ¼ 500) (Fig. 9) ; these yield a fault length to height aspect ratio of 0.87, indicating that modelled faults have an approximately circular shape. Analysis of fault height in the models is limited by our plan-view analysis, in that not all surface-breaking faults will span the entire clay layer. The average fault length to height ratio is therefore likely to be a minimum value. 
FAULT-SEGMENT BOUNDARY TYPES IN RIFTS
The average fault spacing along scanlines for seven displacement increments in models 8, 34 and 52 decreases steadily with increased extension, following a power-law trendline (R 2 ¼ 0.98) (Fig. 9c) . The regularity of the fault spacing is given by the average standard deviation of the spacing, where a low standard deviation indicates a greater regularity (e.g. Ackermann et al. 2001) . The regularity of faults in the models increases sharply during early extension (1.5-2.25 cm of extension) but flattens off with further extension (.2.25 cm of extension) (Fig. 9d) .
The structural and statistical characteristics of the fault populations in our models are comparable to those in nature (e.g. Walsh & Watterson 1988; Morley et al. 1990; Peacock & Sanderson 1991 Gillespie et al. 1992; Dawers et al. 1993; Gawthorpe & Hurst 1993; Dawers & Anders 1995; Acocella et al. 2000; McLeod et al. 2000 McLeod et al. , 2002 Young et al. 2001; Moustafa 2002; Gawthorpe et al. 2003) and those generated in other physical analogue models (e.g. Clifton et al. 2000; Ackermann et al. 2001; Clifton & Schlische 2001; Mansfield & Cartwright 2001; McClay et al. 2002; Bellahsen et al. 2003; Hus et al. 2005; Schlagenhauf et al. 2008; Schlische & Withjack 2009; Henza et al. 2010) . Gross similarities in the temporal and spatial evolution of the fault populations observed for all 24 models confirm the reproducibility of our modelling results ( Fig. 5 ; Table 1 ) (see Whipp 2011) . 
Temporal and spatial evolution of segment boundaries
In the following sections, we present the results from Model 34 (Figs 10 & 11) , a representative example from the analysed suite of models, as well as the combined data from all 10 models (Fig. 12 ) (see Whipp 2011) . We identified the types of faultsegment boundaries (Fig. 1) 
where L f is the deformed width of the rubber sheet and L 0 is the original undeformed width of the rubber sheet (i.e. 8 cm) (Fig. 2) .
Segment-boundary type and free tips. The free tips of relatively isolated normal faults represent up to 80% of the segment tips developed during the initial stages of displacement (up to 1.5 cm) (Figs 11a & 12a) . Synthetic and conjugate segment boundaries represent approximately 17 and 3% of the population, respectively, at this stage. The percentage of free tips progressively declines with increasing extension (c. 50% by 2.25 cm and ,40% at 4 cm of extension: Fig. 12a ). An increase in the number of synthetic and conjugate segment boundaries complements the decrease in the freetip population, where, upon the development of a segment boundary, two free tips are replaced by a single segment boundary. The greatest increase in the number of conjugate and synthetic segment boundaries occurs between 1.5 and 2 cm of extension. The number of conjugate boundaries increase by up to 1.4 times (Fig. 12a) and synthetic boundaries double (Figs 11a & 12a) at this stage. Conjugate segment boundaries remain constant (c. 10% of the total population) with increasing extension (1.75-4 cm). Synthetic segment boundaries form .50% of the segment-boundary population between 2 and 4 cm of extension, and are over four times more numerous than conjugate segment boundaries (Figs 11a & 12a) .
Synthetic tip geometry. Underlapping and nonoverlapping tip geometries are transient in our models. They are most abundant during the initial stages of extension, forming 35% (i.e. underlapping) and 5-10% (i.e. non-overlapping) of the population, respectively, at 1.5 cm of extension (18.8% strain) (Figs 11b & 12b) . In contrast, at the end of the model (4 cm of displacement), they form up to 3% (i.e. underlapping) and ,1% (i.e. non-overlapping) of the population, respectively. Non-overlapping tip geometries are the least common synthetic tip geometry at all stages of each model.
Overlapping fault tips are the most common tip geometry at synthetic segment boundaries at each stage of extension (Figs 11b & 12b) . Overlapping tip geometries develop from precursor underlapping and non-overlapping fault-tip geometries. Overlapping fault tips make up approximately 55% of synthetic tip boundaries at 1.5 cm of extension and .97% at 4 cm of extension. Development of overlapping tip geometries is most pronounced between 1.5 and 2 cm of extension, where there is a three-to fourfold increase in their number. Between 2 and 4 cm of extension, overlapping synthetic segment boundaries increase by around 4% per extension increment (0.25 cm); .50% of all new synthetic segment boundaries have overlapping tip geometries during this stage.
Unbreached-v. breached-segment boundaries.
Approximately 80% of overlapping synthetic segment boundaries are unbreached during the early stages of extension (,1.5 cm extension, 18.8% strain) (Figs 11c & 12c) . Increasing numbers of unbreached relay ramps become breached with continued extension. The number of breached-segment boundaries exceeds the number of unbreached-segment boundaries between 2 and 2.5 cm of extension. More than 60% of overlapping synthetic segment boundaries are breached at 4 cm of extension.
Breaching of relay ramps is caused by fault linkage and results in the creation of a breachedsegment boundary (Fig. 1) . The proportional change of an individual linkage style, as a fraction of the breached-segment boundary population, can vary between successive increments in the models. Hanging-wall breaching is the most common style of fault linkage in the models, forming .70% of breached-segment boundaries at each extension increment (Figs 11c & 12c) . The proportion of hanging-wall-breached relays is greatest between 1.5 and 2.25 cm of extension, and accounts for up to 85% of breached-segment boundaries. A decrease in the proportion of hanging-wall-breached-segment boundaries occurs with further extension, and is associated with an increasing number of footwall, transfer-fault and double-breached linkage styles. Footwall-breaching is the second most common linkage style and represents 12 -25% of breached-segment boundaries at any given extension increment, and forms approximately 16% of all breached-segment boundaries at 4 cm of displacement. Analysis of all the models at 4 cm extension (Fig. 12c) indicates that 5.2% of overlapping synthetic segment boundaries are double breached, and only 3.5% of overlapping synthetic segment boundaries are breached via a transfer fault. In some models, however, transfer faults may be more abundant than double-breached relays, but transferfault and double-breached relays together never form more than 12% of fully breached-segment boundaries. Transfer-fault and double-breached relays linkage styles rarely develop during the early stages of extension. Fig. 12 . Graphs to show the mean temporal distribution of fault-segment boundaries across the 10 analysed models (Whipp 2011, appendix 8.2 ). The first column shows the cumulative frequency (n, number) and the second column shows the normalized data for each extension increment. Segment-boundary density. We determined the mean density (per cm 2 (cm
22
)) of each segmentboundary type for seven displacement increments in models 8, 29, 32, 35 and 52 (Fig. 13) . The density of free tips increases during the initial stages of extension (1.5-1.75 cm of extension), peaking at 
cm
22 (2 cm), before subsequently declining steadily during the middle (2-2.5 cm) stage and then more sharply (to 0.37 cm
22
) during the latter (2.5-4 cm) stages of the experiments at 4 cm of extension (Fig. 13a) . The decrease in the density of free tips is concomitant with an increase in the density of synthetic segment boundaries, which steadily increases during deformation, with a maximum density of 0.46 cm 22 at 4 cm of extension (Fig. 13a) . The density of synthetic segment boundaries becomes greater than the density of free fault tips between 3 and 4 cm of extension (37.5-50% strain). The density of conjugate segment boundaries steadily increases between 1.5 and 2.25 cm extension (18.8-31.8% strain), levelling-off to a consistent density of approximately 0.1 cm 22 (2.25-4 cm extension, 31.8-50% strain) (Fig. 13a) .
Underlapping and non-overlapping synthetic tip geometries have a constant density of 0.03 and 0.01 cm 22 , respectively, for the majority of extension, and only decrease during the final stages of the model runs (Fig. 13b) . The overall density of overlapping synthetic tips increases during extension to a maximum density of 0.45 cm 22 (Fig. 13b ). Between 1.5 and 2.25 cm of extension, there is a sevenfold increase in the density of overlapping synthetic tips, with only a further 28% increase in density between 2.25 and 4 cm of extension (Fig. 13b) .
The density of unbreached and breached overlapping synthetic segment boundaries is approximately the same (0.3-0.4 cm
) during the initial stages of deformation (,1.5 cm of extension). The density of unbreached relays increases rapidly between 1.5 and 2.5 cm of extension but, subsequently, their density decreases with further extension (2.5-4 cm extension) (Fig. 13c) . The temporal change in the density of unbreached-segment boundaries reflects the initial development of overlapping, unbreached-segment boundaries and their subsequent destruction (breaching) with increasing strain (Fig. 13c) . The density of breached-segment boundaries increases linearly during the experiments to 0.45 cm 22 at the end of extension, which is three times greater than the density of unbreachedsegment boundaries (0.14 cm 22 ). Each type of breached-segment boundary increases in density with increasing extension along a linear trendline. At the end of extension, the density of hangingwall-breached relays is 4-10 times greater than the combined total of footwall, transfer-fault and double-breached relays (Fig. 13c) .
Overlap-spacing and segment-boundary type. The plan-view geometry of overlapping synthetic fault tips is described by the overlap (O), spacing (S) and aspect ratio (O:S) of the segment boundary (Fig. 1) . We measured these parameters for a sample set of 146 unbreached-and breachedsegment boundaries across all 10 models (Fig. 14) . Fault spacing ranged from 0.16 to 1.38 cm, with a mean value of 0.44 cm (standard deviation (SD) ¼ 0.24) and fault overlap values range from 0.27 to 5.4 cm, with a mean value of 1.05 (SD ¼ 0.67) (Fig. 14a) . Aspect ratios for unbreached-and breached-segment boundaries ranged from 0.9 to 6.3, with a mean O:S of 2.4 (SD ¼ 0.92) (Fig.  14b ). There appears to be no clear relationship between aspect ratio and segment-boundary type; unbreached and different types of breached-segment boundaries occur across the full range of aspect ratios (Fig. 14a) .
The cumulative frequency distribution of aspect ratios follows an exponential curve (R 2 ¼ 0.97), showing that smaller aspect ratios are more common in the sample set (Fig. 14b) . The same relationship would be true for a power-law curve, although this would highlight fractal behaviour rather than the scale-dependent behaviour indicated by the exponential curve.
A cross-plot of spacing v. aspect ratio shows a large amount of scatter (Fig. 14c) . However, hanging-wall-and double-breached relays appear to be more numerous at smaller fault spacing (,0.5 cm) compared to the other segment-boundary types. A plot of overlap v. aspect ratio shows that larger aspect ratios generally correlate with increasing overlap (Fig. 14d) . The broader range of dimensions and the greater standard deviation of fault-tip overlap suggest that fault overlap is more variable at segment boundaries in our experiments than fault spacing.
Discussion
Segment-boundary evolution
Our model results, especially those related to the general timing of development and breaching of segment boundaries, are consistent with those made from other modelling studies and inferred from field or seismic datasets. For example, the overall number of overlapping segment boundaries increases and the number of non-interacting (free) tips decreases with increasing extension, as faults nucleate, and their tips propagate and overlap. Overlapping synthetic segment boundaries, a prerequisite for the growth of fault arrays through segment linkage, are the most common fault-tip geometry observed in all our models (Figs 7 & 12) and in many natural fault arrays (cf. Peacock & Sanderson 1991; Trudgill & Cartwright 1994; Cartwright et al. 1995 Cartwright et al. , 1996 Contreras et al. 2000; McLeod et al. 2000 McLeod et al. , 2002 Young et al. 2001; Moustafa 2002; Gawthorpe et al. 2003) .
In our models, the number and density of faults increases rapidly, and the spacing between faults decreases during the early stages of extension (,2.25 cm of extension, ,28.1% strain), with both fault density and spacing becoming broadly constant during the latter stages of extension (2.25-4.0 cm extension, 28.1 -50% strain) (Figs 9, 12 & 13) . As a result, the number of overlapping, synthetic segment boundaries and their density increases with increasing extension (.2.25 cm extension) (Figs 12 & 13) . Localization of strain within the fault population, related to hard-linkage of previously isolated segments, causes the density of unbreached-segment boundaries to decrease. In our models, strain localization occurs between 3 and 4 cm of extension (37.5-50% strain) (Figs 7 & 9) .
Fault overlap and spacing in segment boundaries
Our models show that a range of overlap to spacing (O:S) aspect ratios develop at synthetic segment boundaries and that relay ramp breaching can occur across a large range of O:S ratios (1:1-7:1). These O:S ratios documented in our models are similar to those reported from natural examples (e.g. Willemse 1997; Acocella et al. 2000) and from other analogue models that report O:S ratios ranging from 1:1 to 6:1, with a mean of 3:1 (e.g. Mansfield & Cartwright 2001; Hus et al. 2005) . However, a key observation from our models is that the style of relay-ramp breaching (i.e. hanging-wall, footwall, transfer-fault and double-breached) is not determined by the O:S ratio at the onset of breaching ( Fig. 14) . This observation differs from that of Mansfield (1996) , who, based on a study of natural relay ramps in the Canyonlands area of Utah, USA, suggested that breached relay ramps develop with O:S ratios ranging from 3:1 to 5:1. The model results show that a relatively narrow range of fault-spacing values occur at overlapping synthetic segment boundaries (Fig. 14) . Furthermore, the spacing of overlapping, parallel and subparallel fault segments is established during the initial stages of fault nucleation and growth, and remains relatively fixed through time (Figs 9 & 14) . It is probable that the extension-parallel spacing of faults is likely to have been influenced by the establishment and size of stress-reduction shadows around a fault, in addition to the thickness of the mechanical unit undergoing extension (e.g. Wu & Pollard 1995; Ackermann & Schlische 1997; Cowie 1998; Ackermann et al. 2001; Soliva et al. 2006) . The size of the stress-reduction shadow influences the nucleation and propagation history of neighbouring faults, with the size of the zone related to fault size (length, height and displacement), the rheological properties of the deformed medium and the strain conditions (rate, magnitude and duration) (e.g. Ackermann & Schlische 1997; Willemse 1997; Cowie 1998; d'Alessio & Martel 2004) .
Our model results also show that, at overlapping synthetic segment boundaries, overlap values vary widely, whereas spacing values are more limited: this variability in overlap gives rise to the wide range of overlap to spacing aspect ratios described earlier (Fig. 14) . Willemse (1997) showed that the size and shape of the stress perturbation adjacent to individual fault segments is controlled by the fault length to height aspect ratio: the size of the perturbation then controls the degree of overlap and interaction at synthetic segment boundaries. For example, greater overlap occurs between faults characterized by low length to height aspect ratios (i.e. tall faults), where stress is perturbed over a greater area of the fault surface, than between faults characterized by greater length to height aspect ratios (i.e. circular to wide faults). Although we are unable to determine the shape of the fault surface in our models, we speculate that the variability in overlap we document here may reflect the development of different fault shapes. Changes in the shape and size of stress perturbations and, therefore, the degree of mechanical interaction between individual segments, contribute to the kinematic coherence of the system.
Breached-segment boundary types
In our models, jogs or bends in the fault planview trace were ubiquitous and rarely occurred without the development of an abandoned footwall or hanging-wall splay. More than 60% of overlapping synthetic segment boundaries were breached at 4 cm extension, with hanging-wall breaching being the dominant style (.70%). These results are similar to those generated by the experiments of Hus et al. (2005) , which showed that .50% of the overlapping synthetic segment boundaries were breached by the end of their model runs and that 55% of these were hanging-wall breached. Hanging-wall breaching accounted for 75% of breachedsegment boundaries in the numerical models of Imber et al. (2004) . Footwall-breached relays are the second most common type of breached-segment boundary in our models (cf. Imber et al. 2004; Hus et al. 2005) .
Transfer-fault-breached relays are extremely rare in our models (Fig. 12c) , although they are widely documented in natural rifts containing preexisting structures (e.g. Gibbs 1984; Ferrill et al. 1999; Peacock & Parfitt 2002; Destro et al. 2003; Tesfaye et al. 2008) . Acocella et al. (2000) suggested that transfer faults are most likely to develop in relatively wide rifts formed in response to .20% stretching, and rifts in which the amount of extension varies along its axis. Such conditions were not simulated in our models, but an increasing number of transfer faults at 4 cm extension (50% stretching) may indicate that they are more likely to develop at relatively high strains. Double-breached relays have not been described in previous analogue studies: however, such structures, although rare, developed in our models and have also been documented in nature (e.g. Peacock & Sanderson 1994; Huggins et al. 1995) .
Geometrical and mechanical models have also investigated the style of fault linkage at segment boundaries. For example, Ferrill et al. (1999) related the style of breached-segment boundary to displacement gradients along the interacting faults, and suggested that transfer-fault-breached relays, as opposed to footwall-or hanging-wall-breached relays, develop when high displacement gradients develop along fault surfaces. The mechanical models of Crider & Pollard (1998) demonstrate how the potential for fault linkage is more likely when synthetic faults have underlapping tip geometries. Crider & Pollard (1998) also showed that overlapping fault segments produce a region of increased stress towards the centre of the relay ramp that may trigger the development of either a transferfault-or footwall-breached relay.
Hanging-wall-breached relays are the most common in our experiments, contrasting with the results of the geometrical and mechanical models described above, in which transfer-fault-or footwall-breached relays dominate or, at the very least, are predicted. Hanging-wall-breached relays are also the most common type of fault linkage occurring in the mechanical models of Imber et al. (2004) , although no explanation for their preferential development is given, and the geometrical and mechanical factors controlling the variability of linkage remain poorly constrained. The mechanical models of Crider (2001) indicate that the plan-view step direction and sense of slip at overlapping segment boundaries during oblique extension influence the typical style of fault linkage.
Step direction and slip direction also influences the structural style of fault-segment boundaries developed in strike-slip settings (e.g. Segall & Pollard 1980; Aydin & Schultz 1990) . The sense of step during orthogonal extension does not, however, allow prediction of the type of breached-segment boundary, as strain is accommodated in the overlap region regardless of the planview fault geometry. In natural rifts, subtly oblique extension may strongly influence the spatial variability of fault-segment boundary types that develop across the rift.
Conclusions † We used scaled experimental (analogue) models to investigate the temporal and spatial variability of relict and active segment-boundary types during orthogonal extension. The modelled fault populations develop in a similar manner and exhibit a similar overall structural style to natural fault population, with fault growth by segment linkage, segment-boundary breaching and strain localization being fundamental processes in fault-system development. † Segment boundaries develop between interacting fault segments. The number of isolated, free tips decreases with increasing extension, as faults lengthen and interact to create faultsegment boundaries. Unbreached relay ramps evolve into breached fault-segment boundaries, with the style of breached relay (hanging-wall-, footwall-, transfer-fault-or double-breached) varying both spatially and temporally at all scales of observation. † Synthetic segment boundaries are the most common segment-boundary type developed in our models, whereas conjugate segment boundaries are rare. The proportion of synthetic segment boundaries increases with increasing strain, whereas the proportion of conjugate segment boundaries appears to remain constant † Unbreached relay ramps are most numerous during the initial stages of extension: unbreached relay ramps are, however, transient features and are progressively destroyed by breaching with continued extension. Breached-segment boundaries are more abundant than unbreached-segment boundaries at the end of the experiments (4 cm extension), reflecting the increasing maturity of the fault population. † Hanging-wall-breached relay ramps are the most common type (.70%) of breached-segment boundary developed in our models, followed by footwall-breached relay ramps. Transfer faults are uncommon. The reason for this variability is presently unclear and requires further study, drawing on observations from geometrical, mechanical and physical models, and natural rifts exposed in the field or imaged in seismic reflection data. † The fault overlap to fault spacing aspect ratio within synthetic segment boundaries does not provide a reliable prediction of the type of breached-segment boundary that may be encountered. Rather, different fault linkage styles can occur across a range of aspect ratios (1:1-7:1). Fault spacing is less variable than fault overlap at segment boundaries, being relatively constrained by stress-reduction shadows that form during fault nucleation: in contrast, fault overlap changes during the growth and interaction of overlapping synthetic faults. 
